records from lake sediments can provide detailed records of past paleoecological and climatic changes (eg, Liu and Colinvaux, 1988; Maley and Brenac, 1998; deMenocal et al., 2000; Gasse, 2000; Salzmann, 2000; Salzmann et al., 2002; Peyron et al., 2000; Wooller et al., 2000; Behling, 2002; Darbyshire et al., 2003; Lamb et al., 2003; Behling et al., 2004) . In addition to pollen, other proxies such as charcoal (Burney, 1987a; 1987b; Long et al., 1998; Whitlock and Millspaugh, 1996) , phytoliths (Piperno, 1988; Mworia-Maitima, 1997; Piperno and Pearsall, 1998) , diatoms (Gasse et al., 1997; Barker et al., 2001) , and grass cuticles (Mworia-Maitima, 1997; Wooller et al., 2000) have proven to be very useful in paleoenvironmental reconstruction.
The use of multiproxy approaches enables paleoecologists to more accurately and completely reconstruct the paleoenvironment (Boyd and Hall, 1998) . Since the environment affects different proxies differently, the deficiencies in one proxy may be compensated for by another. For instance, prolonged droughts might compromise the preservation of biological proxies such as pollen due to the lowering of lake levels, yet paleoenvironmental conditions that prevailed during periods of low lake levels can still be recorded through geochemical and/or isotopic proxies such as total organic content (TOC), hydrogen index (HI), ␦ 18 O, ␦ 13 C, and ␦ 15 N, among others.
We review different proxy evidences of climatic changes in East Africa from beyond 42,000 yr BP to the present millennium. Although we focus on the three East African countries of Kenya, Uganda, and Tanzania ( Figure 1 ; Table 1 ), we include relevant information from tropical Africa as a whole. The region has considerable topographic relief, with stepped plateaus of 900-2000 m or more, and high mountains such as Mounts Kenya, Elgon, Kilimanjaro, and the Ruwenzoris. We examine biological proxy records such as pollen, diatoms, and microscopic charcoal, as well as paleohydrological evidences for lake level fluctuations. Where appropriate, these records are complemented by chemical and isotopic proxies. Although we try to cover the entire breadth of the region we are limited by data gaps, especially from areas lacking suitable archiving environments. Ages referred to in the review are given in 14 C years before present (BP), unless otherwise noted. Our review differs from those of Peyron et al. (2000) , Marchant and Hooghiemstra (2004) , and those in Battarbee et al. (2004) , which, though excellent, are either too focused on a particular time period or too broad in regional coverage to give the complete picture of paleoenvironmental changes in East Africa through the period reviewed herein.
Figure 1
Map showing East Africa and the neighboring countries. The approximate locations of some of the sites discussed in the review are also shown in the dots numbered 1 to 21, and cited in Table 1 II Modern climate and vegetation patterns The climatic patterns in East Africa are very complex and change rapidly over short distances. This is attributed to large-scale climatic controls that include major convergence zones which are superimposed upon regional factors associated with lakes, topography, and maritime influences (Nicholson, 2000) . Generally, East Africa has a semi-arid to subhumid climate. However, the highlands and areas close to large lakes tend to be wetter (Hamilton, 1982; McGregor and Nieuwolt, 1998; Nicholson, 2000) . The mean annual rainfall ranges from well over 1200 mm in Uganda and the Hamilton et al. (1986) , Taylor (1990) 3 Muchoya Swamp, Uganda 2256 Hamilton (1982) , Taylor (1990) Lake Tanganyika, Tanzania 773 Vincens (1989a; 1989b; 1993) 8 Lake Rukwa, Tanzania 793 Butzer et al. (1972) , Haberyan (1987) , Talbot and Livingstone (1989) Mohammed et al. (1995) 21 Lake Abiyata, Ethiopia 1820 Lézine (1982) , Gasse et al. (1995) , Legesse et al. (2004) highlands to less than 200 mm in the arid and semi-arid parts of Kenya (Figure 2 ) (cf. Nicholson, 2000) . The climate of the region is governed by air streams and convergence zones that are linked to the seasonal shifts of the subtropical high pressure cells situated about 20-30°north and south of the equator (McGregor and Nieuwolt, 1998; Nicholson, 1996; . The air streams include the Congo air with westerly and southwesterly flow, the northeast monsoon (NE trade winds), and the southeast monsoon (SE trade winds) (Figure 3 ). The air streams are separated by two surface convergence zones, that is, the Inter-tropical Convergence Zone (ITCZ) and the Congo Air Boundary (CAB). The former separates the two monsoons, the latter the easterlies and westerlies (Nicholson, 2000) . Synoptically, the climate of East Africa is dominated by the interplay between the northeast monsoon in January and the southeast monsoon in July. Unlike the southwest monsoon of Asia, the monsoons that affect East Africa are thermally stable, hence mostly dry. The northeast monsoon, coming from the Arabian Desert, is a dry wind. The southeast monsoon, coming off the Indian Ocean, constitutes the dominant air stream over East Africa in July. Although deep and moist, it is not associated with much rainfall because the winds are divergent (McGregor and Nieuwolt, 1998) . However, the Congo air, which originates in the south Atlantic, is humid, convergent, and thermally unstable. It is associated with rainfall in the northwestern part of the region (Boucher, 1975; Hamilton, 1982; McGregor and Nieuwolt, 1998; Nicholson, 2000) .
The vegetational distribution pattern in East Africa (Figure 4 ) closely mimics the rainfall and topographic conditions as well as the length of the dry season. Six major floristic regions can be delineated in East Africa (Lind and Morrison, 1974; White, 1983) (Figure 4 ).
(1) Lowland and montane forests occur in patches in Uganda and Kenya. These semideciduous and evergreen forests are made up mainly of Celtis spp., Urticaceae, Myrtaceae, Croton, Holoptelea, Prunus, Podocarpus, Ilex,
Figure 2
Schematic of the general patterns of winds, pressure and convergence over Africa during the months of January and July. The dotted lines indicate the intertropical convergence zone (ITCZ), dashed lines, the Congo Air Boundary (CAB) Source: Modified from Nicholson (2000) .
Acacia, and Olea, among others. The Afroalpine belt occurs between 1600 and 3000 m and is characterized by Prunus africana, Olea, Hagenia abyssinica, Juniperus procera, and Podocarpus. The Ericaceous belt dominated by Philipia and Erica is found above 3000 m. (2) The drier savanna types (deciduous bushland and thicket), mainly consisting of Acacia and Lommiphora, are common in Kenya, Ethiopia, and Somalia. (3) The grasslands, which often occur in the same ecological regions with deciduous bushland, are not widespread in East Africa. (4) The wetter savanna types, mainly made of Figure 3 The spatial distribution of rainfall in East Africa Source: Modified from Hamilton (1982) .
Figure 4
The spatial distribution of the major vegetation types of East Africa Source: Modified from Lind and Morrison (1974) .
Combretaceae and Acacia savannas, are widely distributed in Uganda, Tanzania, and Kenya ( Figure 4) . (5) In the southern parts of Tanzania, the wetter Zambezian deciduous woodlands (mainly miombo) occur. These deciduous woodlands are basically a moist savanna type that is dominated by fairly tall (20 m) and densely spaced leguminous trees belonging to such genera as Brachystegia, Julbernardia, Isoberlinia, and Uapaca. (6) The semi-desert and desert vegetation occurs in northern Kenya and southern Ethiopia.
III Pollen records from East Africa
Investigations of East Africa's paleoclimate and paleoecology commenced in the 1960s largely due to pioneering studies by Livingstone (1962; ), Bakker (1964 , Coetzee (1964; , Morrison (1968) , and Kendall (1969) , and have continued to the present. Pollen analysis from the early studies provided the first evidence to reveal that the highlands of equatorial Africa, like other parts of the world, were affected by glaciation and that glacier retreat was roughly contemporaneous with those in Europe and North America (Hamilton, 1982) . The longest continuous records retrieved from East Africa are from Sacred Lake, Mount Kenya (Coetzee, 1967; Olago, 2001; StreetPerrott et al., 1997) , covering the period from 115,000 yr BP to the present. A record from two swamps (Muchoya and Ahakagyezi) in the Rukiga Highlands, Uganda (Taylor, 1990) , has a basal date of Ͼ42,000 yr BP while those from Kashiru, Burundi (Bonnefille and Riollet, 1988) and Cheshi, Zambia (Stager, 1988) provide basal dates of c. 40,000 yr BP .
The pollen records from the region have been drawn from diverse environments ( Figure 1 ; Table 1 ) including: small lakes on mountains and mountain ranges, eg, Mount Kilimanjaro (Coetzee, 1967) , Mount Kenya (Coetzee, 1967; Olago, 2001; Street-Perrott et al., 1997) , Ruwenzori (Livingstone, 1967) , Cherangani (Bakker, 1964) , and Mount Elgon (Hamilton and Perrott, 1978; 1979) ; large lakes, eg, Lake Victoria (Kendall, 1969; Stager, 1984; Stager et al., 1997) , Lake Albert (Beuning et al., 1997) , Lake Naivasha (Mworia-Maitima, 1991), Lake Turkana (Bonnefille, 1979; Mohammed et al., 1995) , Lake Tanganyika (Vincens, 1989; , and Lake Rukwa (Butzer et al., 1972) ; and mires, eg, Rukiga Swamp (Taylor, 1990) , Ahakagyezi Swamp (Hamilton et al., 1986; Taylor, 1990) , and Laboot Swamp (Hamilton, 1982) , among others. However, most of the pollen records only extend back to 30,000 14 C yr BP ( Figure 5 ). Longer records, with a few exceptions, tend to be characterized by hiatuses (Vincens, 1991; Bonnefille et al., 1995; Flenley, 1998; Elenga et al., 2000; Wooller et al., 2000; Olago, 2001) . The pollen records from this vast region reveal a remarkably high diversity of both paleoclimate and paleovegetation types even over short distances, probably due to the presence of many mountainous areas (cf. Peyron et al., 2000) . Pollen analysis from the different sites has illuminated the paleoenvironmental dynamics of the region beyond the Last Glacial Maximum (LGM). Figure 6) (Taylor, 1990) . Contemporaneous records from Sacred Lake, Mount Kenya (Coetzee, 1967; Olago, 2001) and Kamiranzovu Swamp (Hamilton, 1982) confirm similar trends. Between 42,000 14 C yr BP and 30,000 14 C yr BP cold dry conditions engulfed East Africa. Consequently, high-altitude vegetation belts descended to lower elevations. Evidence from charred grass cuticles from Sacred Lake, Mount Kenya, shows a general increase in the percentages of Bambusoid/Arundinoid-type grasses as well as a Panicoid(Andropogonid)-dominated assemblage usually associated with mesophytic conditions. The source of the fire that left the charred particles at the Sacred Lake site is likely to have been natural considering that humans had not established themselves in the lake catchment (Wooller et al., 2000) .
In the Rukiga Highlands, the vegetation that constitutes the Ericaceous belt (eg, Anthospermum, Stoebe, Artemisia, and Cliffortia) typically at c. 3300 m today was found in Muchoya Swamp at an elevation of 2260 m above sea level ( Figure 6 ) (Taylor, 1990) . The present conditions in the Muchoya catchment suggest that it would have required a much colder and drier environment than present, equivalent to an altitudinal depression of up to 1000 m, for the Ericaceous belt to thrive. Similar observations are made from Mount Kenya (Olago, 2001; Street-Perrott and Perrott, 1993) , Lake Abiyata (Ethiopia) (Lézine, 1982) , and Kashiru Swamp (Burundi) (Bonnefille and Riollet, 1988) . In Kashiru Swamp there was a decline in forest taxa and an increase in Gramineae (Bonnefille and Riollet, 1988; Aucour et al., 1994) , also suggesting cold, dry conditions. The Mount Kenya record during this period shows Hagenia dominated vegetation coexisting with the Ericaceous belt components.
Figure 5
A generalized chronology of inferred environmental changes in East Africa for selected sites discussed in the text. The darker shades represent conditions that were colder or wetter than present conditions Cool and moist conditions prevailed in East Africa in the period leading up to the LGM period of the Northern Hemisphere (c. 30,000 14 C yr BP to 21,000 14 C yr BP). There appears to have been a slight increase in temperature and precipitation given that upper montane forest replaced the ericaceous scrub in the Muchoya catchment ( Figure 6 ) (Taylor, 1990) . Other montane sites in the region, including the Abadares, Kenya (Perrott and Street-Perrott, 1982) , Mount Kenya (Coetzee, 1967; Olago, 2001) , and Cherangani Hills (Coetzee, 1967) , are characterized by more abundant arboreal pollen taxa. Charred grass cuticles from Mount Kenya show fire-and mesophytic-related taxa with high percentages of Phalaris-type grasses and Pooid grass types that usually correspond to cool and moist conditions (Wooller et al., 2000) . The cool wet conditions are consistent with those of West Africa inferred for the same period (Maley and Brenac, 1988; Maley et al., 1990; Salzmann et al., 2002) . However, the increase in precipitation is not recorded at all sites in East Africa. For instance, Lake Albert was surrounded at this time by an open wooded grassland assemblage (Gramineae over 40%) (Beuning et al., 1997) , suggesting a dry climate. The absence of semi-deciduous forest taxa, the abundance of Combretaceae and Chenopodium-type, and a general increase in herbaceous pollen types during that period further affirm the dry climate scenario. The temperatures were between 2 and 4.1°C lower than present (Coetzee, 1967; Olago, 2001) .
3 Period 21,000 to 12,500 14 C yr BP Between c. 21,000 and 12,500 yr BP East Africa's environment was characterized by cool conditions, punctuated by episodes of prolonged desiccation (cf. Kendall, 1969; Street and Grove, 1979; Beuning et al., 1997) . During this period most sites are characterized by poor pollen preservation, probably due to low lake levels and subsequent oxidation in these environments (although in some sites pollen was well preserved). In the Rukiga Figure 6 Fluctuations in % pollen and spores with depth in the Muchoya Swamp core MC2 Source: Modified from Taylor (1990) .
highlands the Ericaceous belt became re-established in the Muchoya Swamp catchment until c. 15,700 yr BP, which is coeval with a substantial reduction in temperature and precipitation in the region (Taylor, 1990) . Lake level records from Lake Victoria and Lake Albert identify at least two separate episodes of extreme aridification during this period (Talbot and Livingstone, 1989; Beuning et al., 1997) .
Two cores (Ibis 1 and Ibis 3) obtained from Lake Victoria at different depths, 32 m and 66 m respectively, reveal two distinct discontinuities that correspond to low lake levels (Talbot and Livingstone, 1989) . The physical properties of Core Ibis 1 mark the first discontinuity at 8.2 m (~11,710 Ϯ 120 14 C yr BP) and the second at 8.85 m (~15,390 Ϯ 220 14 C yr BP) (Figure 7 ). The two episodes are concurrent with prominent layers of the littoral gastropod Bellamya unicolor, which is consistent with desiccation and oxidation of sediments during low lake levels (cf. Stager et al., 1986; Talbot and Livingstone, 1989) . Traces of Figure 7 Summary of Ibis core 1 from Lake Victoria, showing changes in the stratigraphy, especially sections indicative of significant desiccation periods Source: Modified from Talbot and Livingstone (1989) . desiccation cracks and rootlets or burrows extend c. 25 cm down into the mottled sediments below the color change (Figure 7 ) suggesting exposure at these levels (cf. Stager et al., 1986) .
The Lake Albert record is based on a 9.2 m core (core F) collected from 46 m below water level yielding a record for the last 30,000 14 C yr BP (Beuning et al., 1997) . The core consists of predominantly dark grey to black, diatomaceous mud with a thin sandy zone at 6.6 m overlying drier, silty sediments to the base of the core (9.2 m) (see details in Beuning et al., 1997) . The key to the sedimentation history of the core site is provided by the sequence between 8.4 and 6.6 m where low water contents and presence of rootlet traces suggest terrestrial conditions. The sequence is associated with calcite nodules crumb structure, and vertical and oblique, clay lined cracks are typical pedogenic features of terrestrial environments (Beuning et al., 1997) . Such features are associated with cotton clays, a soil type that develops on floodplains and lake margins in warm, seasonally contrasted climates (cf. Blodgett, 1985) .
Further scrutiny by Beuning et al. (1997) revealed that there were, in fact, two such levels in the Lake Albert stratigraphy (similar to core Ibis 1, Talbot and Livingstone, 1989) , one at 7.25 to 7.9 m and the other at 6.6 to 6.9 m (Figure 8 ) separated by a zone containing diatoms, Botryococcus, ostracods, fish fragments and rare pollen grains indicating more persistent aquatic conditions (Beuning et al., 1997) . Therefore, the lowstands must have been separated by at least one period of lake transgression.
The desiccation in East Africa must have been so severe that it led to a lowstand of at Figure 8 Geochemical data from the core (core F) from Lake Albert. TOC ϭ total organic content (wt%), HI ϭ hydrogen index. All determinations on bulk organic matter Source: Beuning et al. (1997) .
least 46 m below present levels at the core site in Lake Albert. The timing of this period of maximum aridity in Lake Albert is consistent with dated records of prolonged minimal lake levels throughout East Africa and most of the African continent from c. 20,000 to 12,500 14 C yr BP (eg, Livingstone, 1967; 1980; Kendall, 1969; Talbot and Livingstone, 1989; Street-Perrott and Robert, 1983; Taylor, 1990) . Rising water in Lake Albert at 12,500 14 C yr BP was coincident with severe flooding along the main Nile (Said, 1993) . The Lake Albert record shows that deep-water conditions were restored soon after 12,500 14 C yr BP although there is an apparent change in sedimentation rate between 8000 and 3400 14 C yr BP . During the latter period there was an interruption of sedimentation at the coring site that could be another, briefer period of low water, due to dry conditions in the catchment (Beuning et al., 1997) . This dry episode may well be part of the mid-Holocene low precipitation episode that is recorded throughout the tropics at c. 4000 yr 14 C yr BP .
The pollen record from Lake Naivasha shows a brief moist period between 17,000 and 15,000 14 C yr BP characterized by somewhat increased percentages of forest taxa, Podocarpus, Olea, Celtis, and Hagenia (Mworia-Maitima, 1991). However, the Lake Naivasha record, though supported by diatom and ostracod data that suggest high lake levels, is inconsistent with all the other records from the region, which show arid conditions during this period (Bakker, 1964; Coetzee, 1967; Hamilton, 1982) . The anomalous Naivasha record is probably a result of dating problems.
There was a slight amelioration of climate toward more humid conditions after 12,500 yr BP as evident by an expansion of montane forest in the Cherangani Hills and also on Mount Kenya (Coetzee, 1967; Hamilton, 1982) . Evidence from Sacred Lake, Mount Kenya, suggests that the maximum aridity phase occurred just before 13,500 14 C yr BP. During this period the charred grass cuticle record from Mount Kenya is characterized by a stable abundance of Bambusoid/Arundinoid-type grasses reflecting the consistent presence of montane forest grasses (Wooller et al., 2000) .
4 Period 12,500 to 10,000 14 C yr BP The period after 12,500 14 C yr BP and into the onset of the Holocene basically marks the terminal phase of the last glaciation. This transition period was marked by an increase in temperature and moisture, as evidenced by an establishment of lower montane forest as indicated by a reduction of Hagenia and Urticaceae and increase in Podocarpus pollen at Muchoya Swamp (c. 11,000 14 C yr BP) and Ahakagyezi (c. 10,600 14 C yr BP) (Taylor, 1990 ). However, a major climatic fluctuation involving an abrupt return to arid conditions occurred at several sites just before 10,000 14 C yr BP (Figure 9 ), probably reflecting the Younger Dryas climatic reversal (cf. Coetzee, 1967; Hamilton, 1982; Gillespie et al., 1983; Gasse et al., 1989; Roberts et al., 1993; Beuning et al., 1997; Johnson et al., 2000; Olago, 2001) . Further evidence for the Younger Dryas event affecting East Africa comes from the Burundi highlands and the Aberdare Mountains (Barker et al., 2004) . In the Burundi highlands the abrupt aridity was marked by a shift to grassland pollen types (Bonnefille et al., 1995) while the Aberdare record shows cessation of peat growth (Street-Perrott and Perrott, 1990) . At the Lake Albert site there was an abrupt return to drier conditions (c. 11,400 to 9900 14 C yr BP), as reflected by a 40% increase in grass pollen contemporaneous with an independent reduction of all forest taxa percentages to near zero (Beuning et al., 1997) . Moist conditions resumed soon after c. 9900 14 C yr BP but were again interrupted by dry arid conditions at 8000 14 C yr BP as evidenced by a change in sedimentation rate.
Open forest pollen types began to appear in Lake Tanganyika at c. 12,000 14 C yr BP and attained maximum diversity at c. 10,000 14 C yr BP (Vincens, 1989a) . The Zambezi woodlands expanded and diversified while the forests and Afro-alpine vegetation belt in the Lake Tanganyika catchment abruptly retreated upslope to levels similar to those of the present at the onset of the Holocene (Vincens, 1989b) . These changes occur during a regime of rising temperatures and are observed in many sites within the region, albeit with a few exceptions. For instance, the Lake Naivasha record (Mworia-Maitima, 1991) does not show evidence of vegetation change around this time (10,000 14 C yr BP). Similarly there is no evidence of temperature change in the Ruwenzori record (Livingstone, 1967) . Generally, there is no agreement among the researchers as to whether the vegetation shifts evident during this period Figure 9 Enlarged subset of the pollen diagram of core F from Lake Albert. Percentages of pollen types are based on percent total of all identified, non-aquatic pollen grains. Selected taxa most clearly depict the 1500-year arid interval around the lake from 11,400 to 9900 14 C yr BP . This arid interval is divided into three zones with 'P' (11,400 to 10,900 14 C yr BP) and 'B' (10,400 to 9900 14 C yr BP) being the most arid and a slightly moister phase during zone 'A' (10,900 to 10,400 14 C yr BP). Calculations of arboreal pollen percentages excluding Gramineae from the pollen sum produce similar reductions Source: Beuning et al. (1997) .
represents a temperature or moisture signal: it is probably a combination of both.
Early to middle Holocene
Pollen data from the East African region generally suggest that the early Holocene was warm and moist. In most sites forest pollen types became dominant concurrent with a reduction in Gramineae and an increase in Pteridophytes (Coetzee, 1967; Bakker and Coetzee, 1972; Owen et al., 1982; MworiaMaitima, 1991; Beuning et al., 1997; Olago, 2001) . Apparently there was montane forest and thicket taxa in the Lake Turkana basin during this period (cf. Bonnefille, 1976; Owen et al., 1982) . The Lake Turkana basin presently lies in an arid environment (Mohammed et al., 1995) and these pollen types may have been transported into the basin by rivers flowing from the Ethiopian Highlands, which suggests an increase in precipitation. It is also likely that the highland forests were more extensive at that time (Owen et al., 1982) . At Lake Victoria forest taxa became more abundant after a brief decline at 10,000 14 C yr BP, followed by a shift from an evergreen to a more deciduous type between c. 7000 and 6000 14 C yr BP (Kendall, 1969) . Although humans had established themselves in the region by that time, their impact is assumed to be minimal meaning that the changes were probably driven by climate. The Lake Naivasha record reveals that the changes towards dry conditions occurred around 6500 14 C yr BP (Mworia-Maitima, 1991), while in Kashiru forest extension was pronounced between 10,000 and 5000 14 C yr BP and declined afterwards (Roche and Bikwemu, 1989) .
Oxygen isotope record from diatomic silica confirms that the early to middle Holocene in East Africa was warm and moist, albeit with rapid climatic changes. Between c. 11,100 14 C yr BP and 5000 14 C yr BP two major negative shifts in ␦ 18 O diatom are evident in data from two sites on Mount Kenya (Barker et al., 2001) . The first occurred from 11,100 to 8600 14 C yr BP, and the second shift between c. 6700 14 C yr and 5600 14 C yr BP. Both correspond with enhanced graminoid, shrub, and forest taxa pollen percentages, consistent with wetter and/or warmer conditions (Barker et al., 2001) . The negative shifts in ␦ 18 O diatom are contemporaneous with high lake levels throughout the region (Street and Grove, 1976; Street-Perrott and Perrott, 1990) . Further evidence of a warm and wet early Holocene in the region is adduced from ice core records from Mount Kilimanjaro (Thompson et al., 2002) . The period between c. 11,000 and 4000 BP is characterized by isotopic (␦ 18 O) enrichment (indicating warmer conditions) and reduced concentrations of major aerosol species (Ca 2ϩ , Mg 2ϩ , SO 4 2Ϫ , and NO 3 Ϫ , indicating wetter conditions). Within the early and middle Holocene the Kilimanjaro ice core record documents two serious drought events for the region, one at ~8300 BP and the other at 5200 BP (Thompson et al., 2002) . The Kilimanjaro ice core record parallels the high-resolution diatom record from Lake Victoria that identifies similar trends at ~8200 and ~5700 yr BP (Stager et al., 2003) . However, except for the Lake Naivasha records (Mworia-Maitima, 1991), these abrupt changes are not conspicuous in pollen records from the region.
Middle to late Holocene
There was a general reduction in moisture in East Africa from the middle Holocene to the present. Interestingly, it is during this period that human impact on the environment begins to register in the regional pollen sequences. The anthropogenic impact on the environment in the tropics during the midHolocene complicates paleoenvironmental reconstructions by providing signals that are sometimes difficult to differentiate from the climate signals. For instance, drought events are often accompanied by increases in Gramineae pollen or high frequencies of microscopic charcoal. Human activities such as farming and/or pastoralism register similar signatures (cf. Marchant et al., 2002) . However, most sites in East Africa are unlikely to have experienced extensive human disturbance especially during the mid-Holocene due to the delayed adoption of iron technology (Hamilton et al., 1986) .
A recent pollen record from Lake Tanganyika documents increasingly arid conditions after 5000 BP with the probable replacement of forest by open grassland in parts of the lake's catchment . The Lake Bogoria pollen sequence shows an abrupt disappearance of highaltitude forest pollen such as Hagenia abyssinica, Hypericum, Stoebe, and Ericaceae, and increases in more drought-adapted taxa such as Podocarpus, Juniperus, Acacia and Dodonaea after 4500 14 C yr BP (Vincens, 1986) . There was a sharp increase in Podocarpus after 4500 14 C yr BP in Mount Kenya (Street-Perrott and Perrott, 1993 ) and a similar rise in Mount Elgon at c. 3500 14 C yr BP (Hamilton, 1982) , which signify the onset and establishment of dry conditions in the region. Of the four species of Podocarpus found in East Africa, only two are widely distributed -Podocarpus gracilior and P . malanjianus, the former being more typical of dry montane forests than the latter (Hamilton, 1982) . During this same period there was a rise in dry forest components such as Olea, Macaranga, Pygeum, Celtis, Syzygium, Neoboutonia, and Galiniera (Coetzee, 1967; Street-Perrott and Perrott, 1993; Olago, 2001) .
The sharp increase in Podocarpus at c. 4500 14 C yr BP at the Mount Kenya site (StreetPerrott and Perrott, 1993) and at c. 3500 14 C yr BP at Mount Elgon (Hamilton, 1982) corresponds with the third abrupt climate event recorded in the Mount Kilimanjaro ice core record (Thompson et al., 2002) . In the Kilimanjaro ice core record the desiccation episode is marked by a visibly distinct (30 mm thick) dust layer containing high concentrations of other chemical species (F Ϫ and Na ϩ ), accompanying a possible hiatus in ice accumulation. Lake level records from Lake Rukwa, Tanzania (Talbot and Livingstone, 1989) , and Lake Cheshi, Zambia (Stager, 1988) , show an abrupt dry episode at c. 3000 14 C yr BP . The abrupt dry event during c. 4500-3500 14 C yr BP has now been recognized across tropical Africa (Hamilton, 1982; Talbot, 1988; StreetPerrott and Harrison, 1985; Street-Perrott and Perrott, 1993; Elenga et al., 1994; Maley and Brenac, 1998; Bonnefille and Chalié, 2000; Barker et al., 2004) . This abrupt aridity has been associated with decline in the base flow of the White Nile (Talbot and Brendeland, 2001 ) and has also been linked to the collapse of the Old Kingdom in the Nile Valley (cf. Hassan, 1997; Barker et al., 2004) . The abrupt shift to a drier and more seasonal environment at c. 4000 14 C yr BP has also been recorded at different sites in the island of Madagascar, which lies to the southeast of the study region (Burney, 1993) .
From 2500 14 C yr BP there was progressive degradation of arboreal cover and a concurrent increase in Gramineae pollen in the northern basin of Lake Tanganyika, which is probably a consequence of both increasing aridity and human interference. There is evidence of human activities documented in the pollen sequence, such as the presence of the rare Elaeis guineensis (wild oil palm) in the Masoko record (Vincens, 1989a) . Pollen and charcoal records from Ahakagyezi Swamp show evidence of deforestation associated with agricultural activities before c. 4800 14 C yr BP (Hamilton et al., 1986) . Unfortunately most pollen of cultivated plants has not been definitely identified (cf. Msaky et al., 2005) . Environmental changes associated with deforestation appeared in Muchoya Swamp at c. 2500 yr BP and contemporaneous changes are evident in the Batongo and Katenga mires (Morrison and Hamilton, 1974; Taylor, 1990) . At Lake Tanganyika there is a consistent trend of a decrease in grass pollen, and increase in pteridophyte and forest indicator pollen during the last few centuries . This trend suggests an increase in soil erosion and recycling of abundant arboreal pollen following land clearance for agriculture. Increase in sedimentation rates during this period provides further evidence for increased soil erosion in the Lake Tanganyika catchment Msaky et al., 2005; Palacios-Fest et al., 2005) . Verschuren et al. (2000) obtained a 6 m sediment core from the partially submerged Crescent Island Crater (CIC) basin in Lake Naivasha, Kenya, to reconstruct the record of rainfall and drought in equatorial East Africa during the past 1100 years. Lake Naivasha is a freshwater lake with subsurface outflow and a short (Ͻ10 yr) water-residence time (Ojiambo and Lyons, 1996) . Strong evaporation and highly variable river inflow cause its surface elevation to fluctuate in response to changing climate regimes (Verschuren et al., 2000) . Although the lake level record for Lake Naivasha is shorter than that for Lake Victoria and Lake Albert it provides high-temporal-resolution information concerning recent climate history, occasionally corroborated by oral tradition.
The last millennium
A combination of sediment-inferred depth reconstruction and diatom composition and distributions revealed that Lake Naivasha experienced a long saline lowstand from ~AD 1000 to 1270 interrupted by one freshwater interval in the early part of the millennium (Figure 10 ). This lowstand was followed from ~AD 1270 to 1550 by a mostly positive water balance and the establishment of freshwater conditions, except for one recurrence of saline conditions dated Figure 10 A plot of lake level and salinity record for Crescent Island Crater (Lake Naivasha) compared with the decadal record of atmospheric 14 CO 2 production as a proxy for solar radiation. The grey bars are the severe drought events as recounted from oral tradition. Bars A, B, and C represent the Wamara, Nyarubanga, and Lapanarat-Mahlatule droughts, respectively Source: From Verschuren et al. (2000) .
around ~AD 1380 to 1420. The Lake Naivasha record is consistent with the Lake Tanganyika record for this period, which shows a peak in total inorganic content (TIC) and a rapid decline after AD 1100 concurrent with a rise in charcoal mass accumulation rates . A second pronounced lowstand in Lake Naivasha is dated to ~AD 1560 to 1590, followed by a highstand that lasted between AD 1670 and 1770 with lake level continuously above the historical maximum reached in AD 1894. During the highstand period (AD 1670-1770) the diatom flora was dominated by Aulacoseira ambigua, which, compared to A. granulata, thrives in higher light and lower nutrient environments.
Lake-level and salinity fluctuations were superimposed on a long-term freshening trend in the lake that started around AD 1270; evident in the gradual disappearance of salttolerant diatom and chironomid taxa and the expansion of stenotrophic freshwater taxa such as Psectrocladius viridescens. The parallels in the different proxy records are strikingly apparent. The fluctuations in lake levels are indicative of reduced precipitation and extensive drought periods. This is confirmed by oral traditions (cf. Webster, 1979; Verschuren et al., 2000) . Evidence for drought-induced famine, political unrest, and large-scale migration of indigenous peoples is concentrated in three periods around AD 1390-1420 (Wamara drought), AD 1560-1625 (Nyarubanga drought), and AD 1670-1840 (Lapanarat-Mahlatule drought) that match the reconstructed sequence of lowstands (Verschuren et al., 2000) .
The Lake Naivasha record corresponds with the findings from Lake Victoria for the same period. Stager et al. (2003) used a diatom record from Lake Victoria to reconstruct the paleoclimate of the region during the Holocene. Although they observe a general aridification trend over the last 3000 14 C yr BP, abrupt lake level decline is registered between 1200 and 600 14 C yr BP due to reduction in precipitation.
IV Synthesis
Only a handful of paleoenvironmental records from East Africa extend beyond 42,000 yr BP (Coetzee, 1967; Taylor, 1990; Street-Perrott et al., 1997; Olago et al., 1999 ). The few available (mostly pollen records), however, present useful data for the reconstruction of East Africa's paleoenvironment beyond the LGM. The period prior to c. 42,000 14 C yr BP is characterized by warm climatic conditions similar to the present. The shifting of highaltitude vegetation belts to lower elevations between 42,000 14 C yr BP and 30,000 14 C yr BP marks a change to cold dry conditions. Much of this evidence is obtained from pollen and diatom data as well as charred grass cuticles and is verified by carbon isotope (␦ 13 C) records from the region (Olago, 2001) . Cool conditions prevailed in East Africa in the period leading to the LGM with temperatures being 2-4.1°C colder than present (Coetzee, 1967; Olago, 2001) . Paleoenvironmental proxies show that between c. 21,000 and 12,500 14 C yr BP East Africa's environment was generally cool, punctuated by episodes of prolonged desiccation (Kendall, 1969; Street and Grove, 1979; Beuning et al., 1997) .
The Lake Albert record documents two extended episodes of lowstands of at least -46 m below the present lake levels during the LGM c. 18,000-20,000 and at 12,500 14 C yr BP . Core Ibis 1 from Lake Victoria also documents two episodes of lowstand, at ~15,390 Ϯ 220 14 C yr BP and ~11,710 Ϯ 120 14 C yr BP . The aridity episode in Lake Victoria must have reduced the lake level to at least -66 m below present at the site of core Ibis 3.
It is likely that the two lakes are recording the same desiccation episodes, albeit with differences in dating control. The dating should be interpreted with caution because low lake levels are likely to be associated with increased mixing and bioturbation that could interfere with both the integrity and the time resolution of climate-proxy records. Whereas the first episode at 18,000-20,000 14 C yr BP or ~15,390(?) 14 C yr BP (for Lake Albert and Lake Victoria, respectively) could be synchronous with the LGM, the second aridity event recorded in the two lakes (12,500 14 C yr BP, 11,710 14 C yr BP) could be associated with the Younger Dryas interval. Palynological and other proxy evidence from Lake Albert (Figure 3 ) further provides clear evidence of significant and abrupt drying of climate in the Lake Albert region at ~12,500 14 C yr BP . The terminal phase of the last glaciation, from 12,500 14 C yr BP into the onset of the Holocene, was marked by an increase in temperature and moisture. However, more work needs to be done before the occurrence of the Younger Dryas in East Africa can be confirmed.
Different proxies, eg, pollen, diatoms, charred grass cuticles, and oxygen isotope records from diatomic silica, suggest that East Africa was characterized by warm and moist conditions amid rapid climatic changes during the early to middle Holocene period. The ice core record from Mount Kilimanjaro (Thompson et al., 2002) documents two significant and abrupt drought events in the region, one at c. 8300 BP and the other at 5200 BP, which appear to correspond with an apparent change in sedimentation rate at Lake Albert sometime between 8000 and 3400 14 C yr BP (Beuning et al., 1997) . However, these drought events are not recorded in the pollen sequence. This emphasizes the importance of proxy sensitivity and sampling resolution as it affects paleoenvironmental data interpretation. The ice core record provides higher-temporal resolution data than the lake sediment and pollen records can, and therefore is able to detect the two abrupt drought events. The longer and more extensive drought event at c. 4000 14 C yr BP (cf. Marchant and Hooghiemstra, 2004) was registered in both the pollen and diatom records at different sites (Hamilton, 1982 : Mworia-Maitima, 1991 Street-Perrott and Perrott, 1993; Thompson et al., 2002) .
Lake level records from Lake Naivasha emphasize the significance of high-resolution stratigraphic records in revealing decadal and century-scale paleoclimatic changes. The Naivasha lake level record suggests that the climate of equatorial East Africa was generally drier than today during the Medieval Warm Period (MWP; ~AD 1000-1270), and that fairly wet conditions during the Little Ice Age (LIA; ~AD 1270-1850) were interrupted around AD 1380-1420, 1560-1620 and 1760-1840 by episodes of persistent aridity, which seem to be more severe than those of more recent times (Verschuren et al., 2000; Verschuren, 2004) . Again these subtle decadal-and century-scale events are missing in the pollen record from the lake (cf. MworiaMaitima, 1991) , further emphasizing the role of proxy sensitivity in revealing details of paleoenvironmental conditions.
That the oscillations in the lake levels and changes in pollen and other proxy records reflect changes in the climate and vegetation of the region is not in doubt. However, the challenge remains in the understanding of the forcing mechanism behind paleoenvironmental changes in a tropical region. Although the Milankovich cycles have been advanced as a possible explanation for the changes (Short et al., 1991; Tyson, 1999; Tyson et al., 2000; Olago, 2001; Stager et al., 2003; Verschuren et al., 2004) , they probably are not responsible for the centennial-scale and decadal-scale changes such as those evident from the Lake Naivasha records. Therefore more studies and thought ought to be given to possible causal mechanisms.
A number of hypotheses have been offered identifying these mechanisms. One explanation is based on the intensity of the southeast summer monsoon and the Congo air stream that influence the amount and seasonality of rainfall in the East African region (cf. Hamilton, 1982; Nicholson, 1996; Nicholson and Yin, 2001; Vincens et al., 2003) . Since the southeast summer monsoon acts in tandem with the seasonal movement of the Intertropical Convergence Zone (ITCZ), their character must have dramatically changed during the periods of intense aridity recorded in the East African lakes.
It is possible that the summer monsoon was very weak during the periods of intense aridification (c. 20,000-18,000 14 C yr BP , 12,500 yr BP , and after ~4000 14 C yr BP), resulting in intense droughts that reduced the lake levels to those registered in Lakes Albert, Victoria, and Naivasha. Indeed, records from many sites in terrestrial Asia and the Arabian Sea, which correspond with those from terrestrial sites in Africa, suggest the existence of significant century-scale monsoon weakening events especially during the early to middle Holocene (Van Campo et al., 1982; Bryson, 1989; StreetPerrott and Perrott, 1990; Van Campo and Gasse, 1993; Gasse and Van Campo, 1994; Overpeck et al., 1996) . These variations in the summer monsoon may explain some of the abrupt climatic changes evident in the paleoecological records from East Africa. Changes in the summer monsoon are linked to changes in global circulation patterns, especially temperature changes associated with events such as the deglaciation at the end of the LGM, and Younger Dryas episodes in the mid-latitude regions of the Northern Hemisphere as well as sea surface temperatures (SST). There is also increasing evidence linking changes in the monsoon and the ITCZ to SST changes (Gasse and Van Campo, 1994; Gasse, 2002) as well as the character of the thermohaline circulation (THC) (Nyberg et al., 2002) .
The position of the ITCZ has been shown to be closely linked to the changes in the sea surface temperatures over the Atlantic Ocean (Gasse and Van Campo, 1994; Sirocko et al., 1996; Marshall et al., 2001 ) and the El Niño Southern Oscillation (ENSO) events (Nicholson, 1995; Hastenrath, 2002) . Periods of lower precipitation in Africa have been associated with warm SST in the northern Atlantic Ocean and colder SST in the southern Atlantic Ocean. Gasse and Van Campo (1994) specifically link the weak monsoons at c. 4000 14 C yr BP to contemporaneous decreases in the North Atlantic SST. Decrease in the latter would reduce moisture in the parts of Africa where monsoonal airflow brings water vapour from the southern subtropical Atlantic anticyclone (Marchant and Hooghiemstra, 2004) .
At the centennial timescale, the lake level fluctuations could also be a result of the solar activity and atmospheric radiocarbon ( 14 C) production (cf. Street-Perrott et al., 1989; Jouzel et al., 1993; Olago, 1995) . The latter phenomena are negatively linked because solar activity (as measured by reduced sunspot numbers) increases cosmic ray bombardment in the upper atmosphere, which enhances 14 C production. Indeed a comparison of the Lake Naivasha record with that of reconstructed atmospheric 14 CO 2 production reveals that the inferred MWP African aridity and all the low lake level episodes were coeval with high solar activity, with the intervening highstands contemporaneous with low solar activity (cf. Street-Perrott et al., 1997; Van Geel et al., 2000; Verschuren et al., 2000; Olago, 2001; Thompson et al., 2002) . For instance, the highest rainfall inferred from Lake Naivasha over the past millennium was contemporaneous with the 'Maunder Minimum' of solar radiation (Verschuren et al., 2000) . Therefore, variation in solar activity may have contributed to the changes in the paleoclimate of East Africa.
Another hypothesis for the paleoenvironmental changes in East Africa is the possible teleconnection between high and low latitudes during the early and mid-Holocene (Stager et al., 2003) . This could be the forcing mechanism behind the abrupt dry episodes at 8300 and 5200 BP (Thompson et al., 2002 ) that were synchronous with major meltwater and ice rafting phenomena in the North Atlantic (Bond et al., 1997) . However, the 8200 BP meltwater event was based on calendar years (first detected in ice core records). Firm conclusions regarding the teleconnections hypothesis are not possible due to uncertainties surrounding the radiocarbon chronologies (cf. Stager et al., 2003) .
Human-induced vegetation changes in East Africa, especially during the Holocene, cannot be ruled out. During this period humans progressed from being relatively minor influences, restricted to a few ecosystems, to becoming a major force across even remote and inhospitable environments (Hamilton, 1982) . The records from Ahakagyezi (Hamilton et al., 1986; Taylor, 1990) , Muchoya (Taylor, 1990; Marchant and Taylor, 1998) , Sacred Lake (Street-Perrott et al., 1997) , Lake Tanganyika Msaky et al., 2005) , and Masoko (Vincens et al., 2003) show reduction in arboreal taxa, and an increase in fire episodes (charcoal peaks) after 5000 14 C yr BP that have been interpreted as human-induced. These interpretations are based on the presence of high counts of microscopic charcoal (suggesting fire occurrence) concurrent with forest clearance. In some cases (eg, Vincens et al., 2003) forest clearance is accompanied by increased pollen frequencies of cultivated crops (eg, Elaeis guineensis), Gramineae, and disturbance markers (eg, Ricinus communis that may indicate clearance for agricultural and/or pastoral activities).
Rapid vegetation changes due to human activities have the potential of producing remarkable changes in land surface albedo capable of inducing feedback processes that could result in changes in climate (cf. Kutzbach et al., 1996; Doherty et al., 2000) . Climate models have shown that vegetationalbedo changes provide positive feedback effects that cause African climate to switch abruptly between wet and dry conditions (Claussen, 1997; Claussen et al., 1999) . It is possible that the mid-Holocene aridification may have been stimulated by changes in landsurface conditions (cf. Lamb et al., 1989; DeMenocal et al., 2000) . However, the fundamental problem remains to separate purely background-level environmental or climatic change from that caused by humans. Since most indigenous crop plants in East Africa (eg, cereals, cassava, banana, and legumes) have not left identifiable traces in the pollen record, the palynological identification of agricultural influence in the region becomes difficult. Another problem is that natural drought events are often accompanied by increases in grass pollen or high frequencies of microscopic charcoal. Human activities such as farming and/or pastoralism register similar signatures, further complicating the interpretation process. Therefore, whenever anthropogenic disturbance is suspected in paleoenvironmental changes, doubt can only be eliminated by thorough multiproxy evidences including archaeological findings.
Deciphering the Holocene anthropogenic fire-related vegetation changes should be treated with caution. Fire episodes in the East African records appear as early as ~30,000 14 C yr BP (Wooller et al., 2000) and may have no anthropogenic link. Records from the island of Madagascar (latitude 12°S to 26°S) (Burney, 1987a) , similar to East Africa in terms of climate and vegetation communities, document fire episodes well before the presumed arrival of humans c. 1500-2000 14 C yr BP (cf. Burney, 1987b; . Clearly, not all paleoecologically recorded fires were induced by humans, since even in the absence of humans wildfires occur when necessary conditions of low fuel moisture and a natural ignition source (for instance, lightning and volcanic activities) are met. However, changes in fire regimes and intensity may point to the human agency, as evident in the Masoko records (Vincens et al., 2003) . Unfortunately most of the records from tropical Africa have temporal resolutions that are too coarse to fully investigate the anthropogenic effect on the vegetation.
Unequivocal interpretation of the various sedimentological, biological, and geochemical climate proxy data extracted from the lake sediments with respect to past climatic variations is an extremely complex and challenging exercise. Whereas this review offers a contribution to our understanding of paleoenvironmental changes in East Africa, it also highlights what is unknown. For instance, many of the accepted paradigms are based on coarse-temporal-resolution analyses, which may miss subtle, yet important, changes in vegetation and climate. Although humans and their ancestors are assumed to have interacted with East African environments longer than in most other regions in the world, very little is known about their impacts on the environment, especially during the Holocene, let alone the earlier periods. There is a need for more higher-temporal-resolution palynological studies with an emphasis on multiproxy methodologies in order to improve our knowledge of the human/climate impact in the region. We still need to devise methods to separate purely climatic and human-driven environmental changes. Identification of pollen of indigenous cultivated crops is certainly part of the solution. 
